Despite the pronounced neurological deficits associated with mental retardation and autism, the degree to which neocortical circuit function is altered remains unknown. Here, we study changes in neocortical network function in the form of persistent activity states in the mouse model of fragile X syndrome-the Fmr1 knock-out (KO). Persistent activity states, or UP states, in the neocortex underlie the slow oscillation which occurs predominantly during slow-wave sleep, but may also play a role during awake states. We show that spontaneously occurring UP states in the primary somatosensory cortex are 38 -67% longer in Fmr1 KO slices. In vivo, UP states reoccur with a clear rhythmic component consistent with that of the slow oscillation and are similarly longer in the Fmr1 KO. Changes in neocortical excitatory circuitry likely play the major role in this alteration as supported by three findings: (1) longer UP states occur in slices of isolated neocortex, (2) pharmacologically isolated excitatory circuits in Fmr1 KO neocortical slices display prolonged bursting states, and (3) selective deletion of Fmr1 in cortical excitatory neurons is sufficient to cause prolonged UP states whereas deletion in inhibitory neurons has no effect. Excess signaling mediated by the group 1 glutamate metabotropic receptor, mGluR5, contributes to the longer UP states. Genetic reduction or pharmacological blockade of mGluR5 rescues the prolonged UP state phenotype. Our results reveal an alteration in network function in a mouse model of intellectual disability and autism which may impact both slow-wave sleep and information processing during waking states.
Introduction
Fragile X syndrome (FXS) is the most common form of inherited intellectual disability and is caused by loss of function mutations in FMR1 which encodes the RNA binding protein, FMRP (Verkerk et al., 1991; O'Donnell and Warren, 2002) . Many of the impairments in FXS such as altered social responses and hypersensitivity to sensory stimuli are reproduced in the FXS mouse model, the Fmr1 knock-out (KO) mouse (The Dutch-Belgian Fragile X Consortium, 1994; Miller et al., 1999; Musumeci et al., 2000; Hagerman, 2002; Nielsen et al., 2002; Spencer et al., 2005; Brennan et al., 2006) .
It has been hypothesized that altered cortical function mediates the cognitive and behavioral deficits in FXS (Irwin et al., 2001) . In support of this idea, many cellular and synaptic alterations have been observed in cortical structures in FXS patients and in Fmr1 KO mice (for review, see Bassell and Warren, 2008; Pfeiffer and Huber, 2009) .
Despite these numerous reported deficits, little electrophysiological evidence of alterations in cortical circuit function exists.
There is a plasticity phenomenon in Fmr1 KO mice where hippocampal networks become more excitable and epileptic in response to pharmacological blockade of inhibition (Chuang et al., 2005) . However, it is unclear how cortical network function under basal conditions is altered in Fmr1 KO mice. We have reported one such example where persistent activity states, or UP states, are longer in duration in neocortical slices obtained from Fmr1 KO mice when thalamic stimulation is used to induce the active state (Gibson et al., 2008) . UP states are depolarized firing states of neurons that are driven by local recurrent excitation and inhibition, and occur synchronously among all neurons in a cortical region (Haider and McCormick, 2009; Sanchez-Vives et al., 2010) . When they occur spontaneously and repeatedly, they underlie the neocortical "slow oscillation," which is a rhythm (Ͻ1 Hz) occurring during slow-wave sleep, but they may also be involved in information processing during awake states Timofeev et al., 2001; Marshall et al., 2006; Haider and McCormick, 2009; Okun et al., 2010) . Therefore, UP states are a critical aspect of neocortical circuit function, and understanding how and why they are altered in the Fmr1 KO mouse would provide important information to how baseline neocortical circuit function is altered in fragile X syndrome. Such data would also provide specific strategies for treatment.
Questions remain about prolonged UP states in Fmr1 KO mice. First, while prolonged UP states are observed with thalamic stimulation (Gibson et al., 2008) , are spontaneous and rhythmic UP states altered and are alterations intrinsic to neocortex? The answer to this is critical for linking prolonged UP states to possible Spontaneously occurring persistent activity states, or UP states, are longer in layer 4 of Fmr1 KO somatosensory cortical slices. A, Examples of extracellular multiunit recordings from WT and KO slices demonstrate longer UP states in the KO. The rectified and filtered versions of the traces from which the UP states were analyzed are plotted underneath. Dashed lines indicate shorter epochs of the longer traces which are expanded to show more detail. B, In some instances, UP states occurred in the form of closely spaced events, or bursts. These were considered one UP state (numbers 2 and 4 in A and B; see Materials and Methods). C, Autocorrelograms from the examples in A reveal some rhythmic activity, but in general it was weak (see Materials and Methods for details of autocorrelograms). D, Average UP state duration over all slices was higher in KO slices at 3 weeks of age. E, The average cumulative distribution of duration in a single slice (normalized for each slice and averaged over slices; same dataset as C; see Materials and Methods) was evenly shifted to the right for the KO. Outer dashed lines represent the SE. F, Average UP state duration was still longer at 7 weeks of age. G, UP state frequency was decreased and percentage of time in the UP state increased. *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001. Calibrations: Vertical (in V), raw traces, 20; rectified, 0.1. Horizontal (in ms), long traces, 1500; short traces, 300. Numbers inside bars indicate slice number in all figures except Figures 3 and 6 D.
better mimics physiological ionic concentrations in vivo which contained (in mM): 126 NaCl, 5 KCl, 1.25 NaH 2 PO 4 , 26 NaHCO 3 , 1 MgCl 2 , 1 CaCl 2 , and 25 D-glucose (based on but modified from Sanchez-Vives and McCormick, 2000; Gibson et al., 2008) . We used a slightly higher external K ϩ concentration to promote active states (5 mM vs 3.5 mM in vivo), but this manipulation was probably unnecessary since the use of 3.5 mM external K ϩ still results in spontaneously generated UP states (Rigas and CastroAlamancos, 2007) . Slices remained in this modified ACSF for 45 min and then recordings were performed with the same modified ACSF.
UP state recordings and analysis. Spontaneously generated UP states in vitro were extracellularly recorded using 0.5 M⍀ tungsten microelectrodes (FHC) placed in layer 4 of primary somatosensory cortex. This extracellular monitoring of UP states is a reliable indicator of the synchronous, depolarized state of neuron populations from which the term "UP state" was originally defined (Sanchez-Vives and McCormick, 2000; Rigas and Castro-Alamancos, 2007) . As indicated, some recordings were performed in layer 5. A total of 10 min of spontaneous activity was collected from each slice. For drug wash-on experiments, data were collected for 70 min. Recordings were amplified 10,000-fold, sampled at 2.5 kHz, and filtered on-line between 500 Hz and 3 kHz. All measurements were analyzed off-line using custom Labview software. For visualization and analysis of UP states, traces were offset to zero, rectified, and lowpass filtered with a 0.2 Hz cutoff frequency. Using these processed traces, the threshold for detection was set at 4ϫ the RMS (root mean square) noise (5ϫ for picrotoxin ϩ CGP55845 experiments; see Fig. 4 ), and an event was defined as an UP state if its amplitude remained above the threshold for at least 200 ms. The end of the UP state was determined when the amplitude decreased below threshold for Ͼ600 ms. Two events occurring within 600 ms of one another were grouped as a single UP state. These criteria best accounted for the simultaneous occurrence and identical durations of UP states in layers 4 and 5 (Fig. 2) . Our main finding of longer UP states in Fmr1 KO mice ( Fig. 1) was not strictly dependent on these criteria since the same result was obtained with no grouping of events and with different detection thresholds. UP state amplitude was defined based on the filtered/rectified traces and was unitless since it was normalized to the detection threshold. This amplitude may be considered a coarse indicator of the underlying firing rates of neuronal populations. Direct measures of firing rates were not possible because individual spikes could not be isolated except during the quiet periods (the DOWN states). Data are represented by the mean Ϯ SEM and values. Significant differences were determined using t tests, one-way ANOVA, two-way ANOVA, or three-way ANOVA where appropriate (all performed with GraphPad Prism 5 except for the three-way which was performed with Sigmaplot). Repeated-measures ANOVA was also used when appropriate. Bonferroni post hoc tests were performed following ANOVAs. Sample number (n) is slice or mouse number-the latter for in vivo experiments. For all slice experiments, a minimum of 4 mice were used per condition, and on average, 4 slices were examined per mouse.
For cumulative distributions of UP state durations, a normalized cumulative distribution was obtained for each experiment (data from one slice or for in vivo experiments, from one mouse), where y values were interpolated for predetermined points of the x-axis. This enabled the calculation of an average and SD based on experiment, where sample number refers to either slice number or mouse number (the latter for in vivo). A KolmogorovSmirnov test was performed for statistical analysis. This method equalizes the contribution to the distribution made by each experiment.
Autocorrelations were performed on rectified and filtered traces for 300 and 60 s epochs for slices and in vivo recordings, respectively. Autocorrelations were normalized to the variance resulting in a peak of 1 at time 0. To measure rhythmicity, we measured the side-peaks of the autocorrelogram by averaging the two peak-to-trough distances from each side of the peak.
Group I mGluR antagonist and protein synthesis inhibitor pretreatment. As stated above, slices underwent an initial 1 h incubation in nominal ACSF. Like other experiments, slices were then exposed to the "modified" ACSF for the next 45 min, but in experiments using mGluR antagonists, this latter period included the pretreatment with the antagonist in the ACSF. In experiments inhibiting protein synthesis, this latter period included pretreatment with anisomycin (20 M). The antagonist or anisomycin remained in the ACSF for the remainder of the experimentincluding the recording periods. The pretreatment experimental design, as opposed to application while recording, enabled us to examine many more slices in a single experiment since slices were stored and recorded from the same chamber (see Slice preparation above). More recordings meant that we obtained more accurate UP state duration values (which varied a few hundred milliseconds from one experiment to the next) and meant that we could more readily detect 35-50% changes in UP state duration among the 8 groups compared in the mGluR antagonist experiments (see Fig. 7B ). The preincubation time was selected because previous studies have shown the mGluR-regulated protein synthesis has electrophysiological effects on this time scale. The mGluR antagonists were the mGluR5-selective antagonist, MPEP (10 M), and the mGluR1-selective antagonist, LY367385 (100 M).
Recordings in vivo. Three-to 4-week-old mice were anesthetized with urethane (1.5 g/kg, 20% solution in distilled water) supplemented with isoflurane (1.5%, 1.5 L/min O 2 flow) and placed in a stereotaxic apparatus with anesthetic maintained. A scalp incision was performed and a craniotomy performed at 2 mm posterior to bregma and 2.5 mm lateral to midline. An extracellular recording electrode (same as described for in vitro) was inserted into the craniotomy and advanced to approximately layer 4 and layer 5 of cortex as confirmed with lesions observed after brain fixation. At this point, isoflurane application was stopped, and recordings were performed for 20 -30 min. Health and depth of anesthesia were monitored by body temperature, heart rate, respiratory rate, tail pinch reflex, and by the clear occurrence of cycling between UP and DOWN states. Any indication of a lighter anesthesia plane resulted in additional injection of urethane. Immediately after recording, the mouse was killed with an overdose of Euthasol (pentobarbital sodium and phenytoin sodium solution).
Immunohistochemistry. Immunohistochemistry was performed on progeny of Cre (Emx1 and Dlx5/6 Cre) and floxed Fmr1 mice to confirm cell type-specific deletion of Fmr1. Mice (P21-P24) were perfused with cold PBS followed by 4% paraformaldehyde (w/v). The brain was removed and resectioned into 80 m slices. Antigen retrieval was performed by placing the slices into warm 200 mM sodium citrate and microwaving for 1 min at low power. The slices were blocked for 1 h at room temperature in PBS with 3% normal goat serum and 0.5% Triton-X. Primary antibodies were dissolved in blocking solution and applied overnight at 4°C. Secondary antibodies were dissolved in blocking solution and applied for 1 h at room temperature. Primary antibodies used were mouse anti-FMRP (2F5, 1:200, gift from Dr. Jennifer Darnell, Rockefeller University, New York, NY) and rabbit anti-GABA (A2052, 1:1000, Sigma). The specificity of 2F5 has been demonstrated previously (Gabel et al., 2004) and by our comparison of labeling in Fmr1 KO versus WT tissue. Specificity of A2052 has been demonstrated previously (Stevens et al., 2010) and in this study, its labeling was consistent with our use of the DLX5/6 Cre mouse which is GABAergic neuron specific (see Fig. 5 ; FMRP was deleted only in GABAergic neurons) (Monory et al., 2006) . Secondary antibodies used were goat anti-mouse 555 and goat antirabbit 488 (1:250, Sigma).
Reagents. Drugs were prepared as stocks and stored at Ϫ20°C and used within 2 weeks. The mGluR1-selective antagonist ( S)-(ϩ)-␣-amino-4-carboxy-2-methylbenzeneacetic acid (LY367385,100 M), the mGluR5-selective antagonist MPEP (10 M), the protein translation inhibitor, anisomycin (20 M), the GABA B receptor antagonist, CGP55845 (1 M), and the mixed group I mGluR agonist ( R, S)-3,5-dihydroxyphenylglycine (DHPG, 10 M) were purchased from Tocris Bioscience (Ellisville, MO). The GABA A receptor antagonist, picrotoxin (100 M), was purchased from Sigma. Drugs required 12-18 min upon start of application to reach and perfuse the slice at the steady-state concentration due to delays in the perfusion system.
Results
Spontaneously occurring UP states are longer in layer 4 of Fmr1 KO slices Spontaneously generated active states, or UP states, were measured in acute neocortical slices obtained from 3-to 4-week-old WT and Fmr1 KO mice. UP states were measured with extracellular, multiunit recordings in layer 4, and then analyzed after rectification and low-pass filtering of the recorded traces (Fig.  1 A; see Materials and Methods). Activity in both WT and KO slices sometimes occurred in closely associated bursts that we grouped together as a single UP state in our analysis ( Fig. 1 A 2 ,B 4 ; see Materials and Methods). UP states in some slice recordings were not observably rhythmic, but in other recordings, were weakly rhythmic. This weak rhythmicity was observed by autocorrelograms of the rectified, filtered traces (Fig. 1C) .
Similar to thalamically evoked activity states (Gibson et al., 2008) , the duration of spontaneously occurring UP states observed in Fmr1 KO slices was increased by 59% compared with WT ( Fig. 1 D, E; 777 Ϯ 39 vs 1236 Ϯ 85 ms, p Ͻ 0.001; WT,KO; n ϭ 18,18 slices). While this analysis was performed by detecting discrete UP states (see Materials and Methods), the altered spontaneous activity could also be observed by another independent method that did not rely on our detection of UP states-the autocorrelation of the rectified, filtered traces. The width at halfheight of the autocorrelation function was 54% larger for traces obtained from KO slices ( Fig. 1C ; 302 Ϯ 25 vs 466 Ϯ 50 ms, p Ͻ 0.05; WT,KO), consistent with the longer duration UP states in the KO. Slices in these initial experiments contained the thalamus and its connections with neocortex, and therefore it was possible that the thalamus might be playing a role in the longer UP states. This was not the case since all successive experiments were performed with all subcortical regions removed, and UP states were still longer to the same extent (see controls in Figs. 5-8). The abnormally long UP states persist at later ages (7 weeks) since KO slices obtained from older animals, 7-8 weeks of age, also had longer UP states although the difference was not as pronounced ( Fig. 1F ; 489 Ϯ 29 vs 640 Ϯ 38 ms, p Ͻ 0.01; WT,KO; n ϭ 16,19 slices).
We examined other UP state characteristics in 3-week-old slices by adding control data from another experiment (see controls in Fig. 6 ; n ϭ 46,41). In addition to duration being similarly longer in this larger dataset (67% increase; 761 Ϯ 37 vs 1274 Ϯ 57 Hz, p Ͻ 0.001; WT,KO), we were able to detect an 18% decrease in UP state frequency ( Fig. 1G ; 0.185 Ϯ 0.011 vs 0.151 Ϯ 0.013 Hz, p Ͻ 0.05; WT,KO) and a 35% increase in the percentage of time spent in the UP state (13.5 Ϯ 0.8 vs 18.2 Ϯ 1.1%, p Ͻ 0.001; WT,KO). The number of bursts within an UP state was also increased by 29% (1.68 Ϯ 0.04 vs 2.16 Ϯ 0.09 bursts, p Ͻ 0.001; WT,KO), but this did not completely account for the 67% increase in duration. We detected no change in the normalized amplitude of UP states as defined by our rectified, filtered traces (5.4 Ϯ 0.4 vs 6.4 Ϯ 0.5, p ϭ 0.08; WT,KO; see Materials and Methods) which may reflect no change in the underlying intensity of action potential firing that occurs during UP states. In summary, while a number of characteristics of UP states may be altered in Fmr1 KO slices, the duration increase was the most salient.
UP states are longer in layer 5
On the scale of seconds, UP states occur approximately simultaneously in all layers in a local neocortical circuit, but on the scale of 10 -150 ms, differences in onset and duration across layers are observed (Sanchez-Vives and McCormick, 2000; Chauvette et al., 2010) . Therefore, it was not clear whether the longer UP states we observed in layer 4 of Fmr1 KO slices represented a more general phenomenon across all layers. With all the layer 4 recordings depicted in Figure 1 , we simultaneously recorded from layer 5 (Fig. 2 A, n ϭ 35,39) . Average UP state duration in layer 5 was not different from that recorded in layer 4 in the same slice. Also, layer 5 UP state duration was longer in Fmr1 KO compared with WT slices (Fig. 2 B, 756 Ϯ 34 vs 1233 Ϯ 83 ms, p Ͻ 0.001; WT,KO). UP states in a single slice vary in duration, and the length of a single UP state in one layer was strongly correlated with the length in the other layer when examining the interlayer correlation of UP state durations in a single experiment ( Fig. 2C ; correlation for durations, WT: r ϭ 0.83 Ϯ 0.07; KO: r ϭ 0.84 Ϯ 0.03; n ϭ 6,8). There was spontaneous unit activity during the quiet states (or DOWN states) in layer 5 as previously reported (Sanchez-Vives and McCormick, 2000) , and we observed this in both WT and KO slices with no detected differences in spike frequency ( Fig. 2A ; 0.92 Ϯ 0.12 vs 0.96 Ϯ 0.09 Hz; WT,KO; n ϭ 16,16).
A cross-correlation analysis of the rectified/filtered traces (not durations as in Fig. 2C ) was performed on layer 4 and 5 recordings for each slice, and this indicated a high average correlation (r ϭ 0.88 Ϯ 0.02 vs 0.92 Ϯ 0.01, p Ͻ 0.05; WT, KO) and a slight delay in the layer 4 signals relative to layer 5 (12.7 Ϯ 1.4 vs 13.7 Ϯ 1.5 ms; WT,KO). The delay is consistent with earlier studies indicating that UP states are initiated in layer 5 (Sanchez-Vives and McCormick, 2000) . While these data show an increase in correlation in the KO slices, this difference was small. When examining the raw traces from layer 4 and 5, very little correlation was observed suggesting that while the underlying UP state event is synchronous, the precise firing of neurons in layer 4 and 5 is, in general, not synchronous. In summary, while UP states are longer in both layers 4 and 5 of Fmr1 KO slices, the relative onset and synchrony of UP states in the two layers appear to be normal.
It has been demonstrated that the deep layers (layers 5 and 6), and not the superficial layers, are sufficient to generate UP states (Sanchez-Vives and McCormick, 2000). To determine whether the longer UP states are intrinsic to particular cortical layers, we repeated layer 5 recordings from slices containing only the deep layers of neocortex. Slices were resectioned by removal of superficial cortex (layers 1-4, Fig. 2 D) . UP state duration in both WT and Fmr1 KO resectioned slices was slightly decreased compared with normal slices but UP state frequency remained unchanged (ϳ0.16 Hz) suggesting that these slices were still healthy. Resectioned KO slices still had longer UP states in layer 5 (Fig.  2 E, F ; 549 Ϯ 27 vs 733 Ϯ 55 ms; WT,KO; n ϭ 22,22). This indicates that longer UP states in layer 5 of the Fmr1 KO are, to a large extent, intrinsic to deep layer circuitry.
Rhythmically occurring UP states are longer in Fmr1 KO mice, in vivo To determine whether the longer UP states we observe in Fmr1 KO slices were a physiologically relevant phenomenon, we recorded UP states in somatosensory cortex in vivo in anesthetized mice. As in the acute slices, UP states were indeed longer in Fmr1 KO mice and had similar durations as those observed in acute slices (Fig.  3 A, B ; 765 Ϯ 112 vs 1130 Ϯ 112 ms, p Ͻ 0.05; WT,KO; n ϭ 9,11 mice). We observed no change in the frequency of UP states ( Fig. 3C ; 0.26 Ϯ 0.03 vs 0.25 Ϯ 0.03 Hz; WT,KO) which is consistent with our in vitro findings where the frequency change was less salient than the duration change. Other parameters were unchanged in the KO, such as the intensity of UP state neuronal firing as defined by our rectified, filtered traces (16.0 Ϯ 3.3 vs 14.6 Ϯ 2.0, WT,KO, unitless, see Materials and Methods). These results demonstrate that our observations in vitro reflect an existing condition in vivo.
The UP states in vivo probably occurred as part of the slow oscillation which has been previously been clearly observed in anesthetized cats (Steriade et al., 1993a,b) and mice (Fellin et al., 2009) . Our recordings contained a distinct rhythmic component which was Ͻ1 Hz, and therefore reminiscent of the slow oscillation. This can be observed in the autocorrelogram of the rectified, filtered traces (Fig. 3D) . When we quantified the consistency of the rhythm in our recordings, we found that UP states in vivo were more rhythmic compared with those measured in slices. This was first evident by comparing autocorrelograms of the rectified/filtered traces. The first sidepeak of the autocorrelogram was larger from recordings in vivo (0.30 Ϯ 0.09/0.41 Ϯ 0.11; WT/KO; n ϭ 9,11) compared with slices (0.14 Ϯ 0.07/0.13 Ϯ 0.07; WT/KO; n ϭ 18,19; two-way ANOVA, p Ͻ 0.001 for preparation type). The same result was observed for the second, more distant, side-peak as well (0.30 Ϯ 0.09/0.38 Ϯ 0.11 vs 0.15 Ϯ 0.05/0.15 Ϯ 0.05; in vivo vs slice; p Ͻ 0.001). Side-peaks always occurred in increments Ͼ1 s consistent with the frequency of the slow oscillation. We also measured the ratio of the SD to the average period length for each experiment, and this was lower in vivo indicating again that UP state reoccurrence was more regular, and hence more rhythmic (0.41 Ϯ 0.14/ 0.35 Ϯ 0.18 vs 0.59 Ϯ 0.12/0.57 Ϯ 0.14; in vivo vs slice; p Ͻ 0.05, two-way ANOVA). Finally, if UP states were occurring randomly and not rhythmically, the period length distribution would be in the form of a decaying exponential (like the classical theory of mEPPs) (Johnston and Wu, 1995) . In vivo, this was not the case since the average distribution of periods was a two-tailed, single peaked function and not a decaying exponential (data not shown). This, again, was less clear in slices where the WT distribution for periods appeared more weakly two-tailed, single-peaked, but for the KO, neither a two-tailed or decaying exponential distribution could be resolved. In summary, our in vivo data suggest that the UP state portion of the slow oscillation is lengthened in the Fmr1 KO mouse.
Changes in excitatory circuitry likely contribute to longer UP states
To begin to understand the locus of change that causes prolonged UP states in Fmr1 KO mice, we next tested whether neocortical excitatory circuitry alone displays properties that would promote longer activity states. We isolated the role of excitatory circuitry in generating spontaneously active states by pharmacologically blocking GABA A and GABA B receptors using the antagonists picrotoxin (100 M) and CGP55845 (1 M), respectively. Block of these GABAergic receptors resulted in periodic epochs of persistent activity that were different from normal UP states in both duration and shape (Fig. 4) . These active states were longer in the Fmr1 KO (Fig. 4 A, B ; 5.2 Ϯ 0.5 vs 12.1 Ϯ 1.3 s, p Ͻ 0.01; WT,KO; n ϭ 17,16), suggesting that alterations occurring in excitatory circuitry promote longer activity states. Neither the number of bursts per active state nor the frequency at which active states occurred were detectably different in the KO in the presence of GABA receptor antagonists (bursts/active: 5.4 Ϯ 1.0 vs 9.0 Ϯ 1.5, p ϭ 0.06: frequency: 0.026 Ϯ 0.004 vs 0.022 Ϯ 0.002 Hz, p ϭ 0.44; WT,KO), but the antagonist treatment itself resulted in more bursts per active state (p Ͻ 0.01) and a much lower frequency of occurrence (ϳ15% of untreated, p Ͻ 0.001) when compared with untreated slices in Figure 1G . Treatment had no detectable effect on percentage of time in an active state but did increase normalized amplitude for both genotypes (ϳ30%, p Ͻ 0.05). Additional experiments implementing GABA A receptor block alone (picrotoxin, 100 M) also resulted in longer active states in Fmr1 KO slices (2.0 Ϯ 0.2 vs 2.8 Ϯ 0.3 s, p Ͻ 0.05; WT,KO; n ϭ 15,14) indicating that changes in GABA A signaling alone did not play a significant role in longer UP states. In summary, these data support the assertion that alterations in the recurrent excitation process among excitatory neurons play a significant role in prolonged UP state duration in the Fmr1 KO mouse.
Blocking GABAergic synapses in hippocampal slices causes a slowly occurring induction of very long persistent activity states in the CA3 region-but only in Fmr1 KO slices and not WT slices (Chuang et al., 2005) . This plasticity of cell excitability requires group I mGluR activation. The long activity states in CA3 occur intermittently among very short activity states, and hence, the distribution of durations is bimodal. In a subset of slices in this study, neocortical UP states were measured before and during picrotoxinϩCGP55845 application (Fig. 4C,D ; n ϭ 10,10) and before and during picrotoxin application alone (data not shown, n ϭ 7,6). In both sets of experiments, drug application quickly lengthened UP state duration in both WT and KO slices to the same extent and after 60 min, the distribution of durations in a single experiment were unimodal in distribution. Therefore, our data demonstrate that the effects of inhibitory blockade on network activity states in Fmr1 KO slices are different in neocortex compared with those observed previously in the hippocampus.
Longer UP states are due to deletion of Fmr1 in cortical excitatory neurons Next, we determined the relevant locus of Fmr1 deletion that causes longer UP states in Fmr1 KO mice. To address this question, we compared the effects of Fmr1 deletion in excitatory neurons versus inhibitory neurons.
To perform excitatory neuron-specific deletion, we crossed Emx1 Cre males with floxed Fmr1 females. In the Emx1 Cre mouse line, Cre is expressed only in cortical excitatory neurons (i.e., neocortex and hippocampus) (Iwasato et al., 2000 (Iwasato et al., , 2008 . Using immunohistochemistry, we confirmed that Cre ϩ : Fmr1 flox/Y progeny had Fmr1 deleted only in cortical excitatory neurons while other genotypes showed no Fmr1 deletion (Fig.  5A) noncortical structures, such as striatum and thalamus, was normal. When we examined UP states among the 4 possible genotypic combinations, we found that slices obtained from mice with deletion of Fmr1 in cortical excitatory neurons was sufficient to mimic the long UP states of Fmr1 KO mice ( Fig. 5B (Fig. 5A) . Unlike that found for deletion of Fmr1 in cortical excitatory neurons, we found that deletion of Fmr1 in inhibitory neurons had no effect on UP state duration ( Longer UP states are rescued by genetic reduction mGluR5 signaling Ample evidence suggests that many phenotypes in Fmr1 KO mice are due to excess group 1 metabotropic glutamate receptor (mGluR1 or mGluR5) signaling-specifically that mediated by mGluR5 (Huber et al., 2002; McBride et al., 2005; Yan et al., 2005; Dölen et al., 2007; Meredith et al., 2011) . To test whether excessive activation of mGluR5 contributes to the longer UP states, we bred mGluR5 (Grm5) KO mice with Fmr1 KO mice to produce Grm5 heterozygous progeny, which has previously been shown to decrease mGluR5 protein to 60% of normal levels, and thereby presumably decreasing the signaling mediated by this receptor (Dölen et al., 2007) . Using this strategy, we compared UP state duration between WT and Fmr1 KO mice on both a Grm5 WT background and on a Grm5 heterozygous background. UP states measured on the Grm5 heterozygous background (Fmr1KO/Grm5Het mice) had normal duration in KO slices (Fig.   Figure 5 . UP states are longer due to deletion of Fmr1 in neocortical excitatory neurons. A, Immunohistochemistry for GABA (green) and FMRP (red) shows that FMRP is expressed in both inhibitory and excitatory neurons in control animals (top row), FMRP is deleted only in excitatory neurons when recombination occurs in Emx1 Cre ϩ :floxed Fmr1 mice (middle row), and FMRP is deleted only in inhibitory neurons when recombination occurs in Dlx5/6 Cre ϩ :floxed Fmr1 mice (bottom row). B, UP state duration is longer in slices where FMRP was deleted only in cortical excitatory neurons (black bar), thereby recapitulating the phenotype of the constitutive Fmr1 KO. The large triangular bar indicates that the "recombined" genotype is different from all of the 3 nonrecombinant controls. C, Deletion of FMRP in inhibitory neurons did not affect UP state duration (black bar). ***p Ͻ 0.001. n.s., not significant. Calibrations: (B, C) 50 V, 1 s.
6 A, C; 683 Ϯ 57 vs 1310 Ϯ 64 ms, p Ͻ 0.001, n ϭ 29,23 for WT,KO; Fmr1KO/Grm5Het ϭ 785 Ϯ 67 ms, p Ͻ 0.01, n ϭ 21, when compared with Fmr1 KO) and in KO mice, in vivo (Fig.  6 B, D ; 579 Ϯ 74 vs 1205 Ϯ 232 ms, p Ͻ 0.01, n ϭ 6,4 for WT,KO; Fmr1KO/Grm5Het ϭ 785 Ϯ 67 ms, p Ͻ 0.05, n ϭ 7, when compared with Fmr1 KO). This indicated that a reduction of mGluR5 levels in the Fmr1 KO normalizes, or rescues, UP state duration. The reduction of mGluR5 dosage on a WT background does not cause any change in UP state duration in both slices (Grm5het: 828 Ϯ 45 ms, n ϭ 16) and in vivo (Grm5het: 822 Ϯ 46 ms, n ϭ 10), indicating that a reduction of mGluR5 levels alone does not affect UP states. No differences in amplitude or frequency of UP states were detected across genotypes. Together, these findings implicate enhanced mGluR5 activation in contributing to longer UP states in neocortical circuits of Fmr1 KO mice.
Longer UP states are rescued by pharmacological blockade of mGluR5 signaling To determine whether group I mGluRs play an acute, as opposed to a developmental, role in determining UP state duration, we examined the effects of specific group 1 mGluR antagonists on UP states in WT and Fmr1 KO slices. Our strategy incorporated a 3 factor design based on 1) genotype, 2) pretreatment with the mGluR5-selective antagonist, MPEP (10 M), and 3) pretreatment with mGluR1-selective antagonist, LY367385 (100 M). This resulted in a comparison of UP state duration among 8 different groups (Fig. 7 A, B) . We measured UP states after 45 min of pretreatment and with drug still present. We found that MPEP, but not LY367385, had a differential effect on UP state duration which indicated that mGluR5 signaling, but not mGluR1 signaling, was acutely altered in Fmr1 KO slices. This was observed by threeway ANOVA analysis of duration data, which revealed a significant interaction between MPEP treatment and genotype (p Ͻ 0.05) while no interaction was detected between LY treatment and genotype.
Comparisons between individual groups (Bonferroni post hoc tests) also supported differential acute mGluR5 signaling. While untreated WT and KO slices had different durations ( Fig. 7B ; 1038 Ϯ 59 vs 1428 Ϯ 63 ms, p Ͻ 0.001, n ϭ 42,38), no difference was observed for MPEP-treated WT and KO slices (935 Ϯ 54 vs 1076 Ϯ 63 ms, n ϭ 32,44). These same data indicated that MPEP had no detectable effect on UP state duration in WT slices, but decreased UP state duration in KO slices (p Ͻ 0.001). No changes in frequency of UP states were detected with MPEP treatment. Therefore, while mGluR5 signaling does not contribute to UP state duration in WT slices, it does contribute to prolonged duration in KO slices. In summary, these data show that the longer UP state duration phenotype in KO slices is "rescued" to normal WT durations by acutely blocking mGluR5.
In contrast to MPEP, the selective blockade of mGluR1 signaling with LY367385 had a strong but similar effect on both WT and KO slices. For both genotypes, UP state duration, UP state frequency, and the incidence of slices displaying UP states were reduced by ϳ40 -60% (p Ͻ 0.05 for all). However, duration was still longer in the KO ( Fig. 7B ; LY367385 results: 456 Ϯ 26 and 720 Ϯ 72 ms, p Ͻ 0.05, n ϭ 21,22). Therefore, mGluR1 function strongly regulates UP states, but does so similarly in both WT and Fmr1 KO slices.
Longer UP states do not depend on recent protein translation
One function of FMRP is to suppress translation of its mRNA targets (Bassell and Warren, 2008) . Therefore, it has been pro- (LY367385, 100 M) . B, Summary of the effects of pretreatment on UP state duration. MPEP rescued the duration phenotype by equalizing the WT and KO UP state durations to normal WT levels. In contrast, while LY367385 significantly decreased duration in both WT and KO slices, UP states were still longer in the KO. The large triangular bar indicates that the untreated KO duration is different from that of both MPEP-treated genotypes. **p Ͻ 0.01, ***p Ͻ 0.001. n.s., not significant. Calibrations: 50 V, 1 s.
posed that without FMRP, as in fragile X syndrome, there is excess mGluR5 driven translation which leads to phenotypes of the disease (Bear et al., 2004; Dölen and Bear, 2008) . In support of this idea, mGluR5-and translation-dependent plasticity is upregulated in Fmr1 KO mice (Huber et al., 2002; Bear et al., 2004; Chuang et al., 2004) . Therefore, it is possible that mGluR5 signaling causes longer UP states in KO slices through signaling to translation. If so, inhibiting protein translation would be expected equalize UP state duration among WT and KO slices similar to MPEP. We preincubated slices in the translational inhibitor, anisomycin (20 M) for 45 min before and during recording. This treatment had no effect on UP state duration in either WT or KO slices (Fig. 8) , suggesting that at the time scale studied here, longer UP states in Fmr1 KO mice are not due to mGluR5-dependent protein synthesis, but instead due to a translation independent signaling function of mGluR5.
Group I mGluR activation increases UP state duration nondifferentially
In support of the mGluR antagonist studies above, pharmacological enhancement of group I mGluR activity was sufficient to prolong UP state duration in WT and Fmr1 KO slices. Application of the group I agonist, DHPG (10 M), increased the duration of UP states in WT slices (Fig. 9 A, B; WT untreated: 671.7 Ϯ 103.2 ms; WTϩDHPG 826.8 Ϯ 131.4 ms; p Ͻ 0.01; n ϭ 6) and Fmr1 KO slices (Fig. 9 A, B ; Fmr1 KO untreated: 1361 Ϯ 141.1 ms; WTϩDHPG: 1639 Ϯ 134.4 ms; p Ͻ 0.05; n ϭ 7). The increase in duration for both genotypes were proportionally identical (Fig.  9B) , and based on the nondifferential affect of mGluR1 antagonists in Figure 7 , these similar effects of DHPG may be acting through mGluR1 receptors.
We monitored UP states before and after DHPG application in these experiments since, in previous studies, DHPG caused normally quiet hippocampal CA3 region slices to display very long activity bursts interspersed with shorter bursts (bimodally distributed peaks at 0.5 s and at 4 -10 s) (Taylor et al., 1995; Chuang et al., 2005) . We did not observe this type of change in our neocortical slice preparation (Fig. 9A) indicating that different group I mGluR-regulated processes are occurring in neocortex.
Discussion
Little is known about circuit dysfunction in Fmr1 KO mice, or for that matter, in any mouse model of intellectual disability or autism. In this study, we find that spontaneously occurring UP states are longer in the mouse model of fragile X syndrome-the Fmr1 KO mouse. UP states were 62% longer in slices (combining data from Figs. 1C, [6] [7] [8] 6 )-the latter supporting the physiological relevance of this network functional change. Neocortical excitatory neurons are probably the most significant locus of these changes since, (1) electrophysiological changes causing the longer UP states are intrinsic to neocortex, (2) activity bursts mediated by excitatory circuitry alone are longer in Fmr1 KO slices, and (3) the specific locus for Fmr1 deletion that induces longer UP states is neocortical excit- atory neurons. Finally, we find that enhanced mGluR5 signaling underlies the longer UP states in Fmr1 KO slices.
Longer spontaneously occurring UP states in Fmr1 KO mice
We have previously demonstrated that UP states in response to thalamic stimulation were longer in Fmr1 KO mice (Gibson et al., 2008) . However, it was not clear to what extent this resulted from alterations in thalamic circuitry since interactions between the thalamus and neocortex can affect UP states (Rigas and CastroAlamancos, 2007; Crunelli and Hughes, 2010) . Here we show that spontaneously occurring and rhythmic UP states are longer in the Fmr1 KO mouse. In slices, these UP states are mediated by neocortical circuits, independent of any thalamic pathway stimulation, and independent of the thalamus itself. The results also indicate that longer thalamically evoked UP states in Fmr1 KO slices are mostly likely due to changes in neocortex and not to changes in thalamic circuitry. Because spontaneously occurring UP states are thought to be the cellular process underlying the slow oscillation during sleep (Steriade et al., 1993c) , our data more directly suggest that the increase in UP state duration and time spent in the UP state (Fig. 1 ) may impact processes involving the slow oscillation rhythm in fragile X patients. This possible link is strengthened by our observations of longer UP states in vivo which were observed with a clear rhythmic component reminiscent of the slow oscillation.
The synchrony of UP states among different neocortical areas relies on long distance projections, but the actual generation of UP states depends on "local" network function (ϳ1 mm radius) since they directly rely on recurrent synaptic excitation and inhibition among neurons in a local neocortical region (Haider and McCormick, 2009) . Therefore, the longer UP states in Fmr1 KO mice are probably caused by network changes on this local scale, and more specifically, our study indicates that changes in local excitatory circuits likely play a significant role.
Comparison with prolonged epileptic bursts in CA3 of Fmr1 KO mice Properties of persistent activity states observed in the CA3 region of the hippocampus are also altered in Fmr1 KO slices (Chuang et al., 2005) . These activity states are not UP states, but instead are prolonged epileptic bursts which are induced experimentally by group I mGluR agonists in both WT and Fmr1 KO slices (Taylor et al., 1995) . Interestingly, they can also be induced with the application of a GABAergic antagonist which, in turn, activates group I mGluRs, but this method of induction only occurs in Fmr1 KO slices, and not in WT slices (Chuang et al., 2005) . Our observations of prolonged UP states may have a common link with prolonged bursts in CA3 since both involve prolonged activity states, both depend on changes in group I mGluR signaling, and both appear to be mediated by changes in excitatory neurons. Moreover, longer UP states in the neocortex (Fig. 7) , as well as epileptic bursts in the hippocampal slices obtained from Fmr1 KO mice, are both reduced to normal durations with mGluR5 antagonism (Chuang et al., 2005) .
But our findings differ in some key aspects. First, while persistent activity states in hippocampal CA3 slices permit the effective study of the plasticity of neuronal excitability, they are epileptic in nature and require intense pharmacological manipulations for their induction. On the other hand, UP states are widely thought to underlie aspects of neocortical function under normal conditions. Also, they do not require any special induction protocol, but instead, occur spontaneously as a baseline process. Bursts in CA3 can be induced by GABAergic receptor blockade, but only in Fmr1 KO slices, while GABAergic receptor blockade similarly increases UP state duration in both WT and KO neocortical slices (Fig. 4) . Finally, CA3 bursts require new protein synthesis, whereas prolonged neocortical UP states persist independent of new protein synthesis (Fig. 8) .
Together, our data and those of Chuang et al. (2005) reveal an mGluR5-mediated hyperexcitability of circuit function in Fmr1 KO mice that is common to both hippocampus and neocortex. However, such circuit dysfunction is manifest differently in the two brain regions, perhaps due to the anatomy and physiology of the circuit or distinct function or localization of mGluR5 within each brain region.
Role of group I mGluRs
Our study indicates that enhanced mGluR5 signaling acutely leads to longer UP states in Fmr1 KO slices. Enhanced mGluR5 signaling is not caused by increased mGluR5 protein in Fmr1 KO mice since protein level is unchanged (Huber et al., 2002; Dölen et al., 2007) . Instead it appears that signaling downstream of mGluR5 activation is enhanced, and while studies have focused on enhanced mGluR-induced protein translation in the Fmr1 KO (Bear et al., 2004; Osterweil et al., 2010) , our data support enhanced signaling independent of protein translation as well (Fig.  8 ). According to this interpretation of our results, the genetic reduction of mGluR5 protein levels restores normal UP state duration (Fig. 6 ) by offsetting the increased signaling of individual mGluR5 receptors. Unlike mGluR5 antagonism, mGluR1 antagonism robustly suppressed the duration and frequency of UP states to a similar extent in both WT and Fmr1 KO slices (Fig. 7B) . These data suggest that mGluR1 regulation of UP states is normal in Fmr1 KO mice. mGluR1 and mGluR5 may regulate UP state duration through a number of mechanisms including modulation of the intrinsic excitability of neocortical neurons or synaptic function within the circuit (Kim et al., 2003; Young et al., 2004; Bianchi et al., 2009; Niswender and Conn, 2010) . To our knowledge, this is the first indication for dysfunction of a specific group 1 mGluR (mGluR5, but not mGluR1) in Fmr1 KO mice.
What currents mediate the longer UP states?
The detailed mechanism of longer UP states in the Fmr1 KO mice is unknown. Changes in inhibitory and excitatory circuitry may be involved, but the fact that we saw longer active states when inhibitory synapses were blocked by a GABAergic antagonist (Fig. 4) suggests that a significant component underlying longer UP states in the Fmr1 KO resides in excitatory circuitry. Measurements of monosynaptic excitatory transmission in acute slices indicate that synaptic excitation among neocortical excitatory neurons is either slightly decreased or unchanged (Desai et al., 2006; Bureau et al., 2008; Gibson et al., 2008) , but other studies point to increased spine number in neocortical excitatory neurons suggesting increased excitation (Bagni and Greenough, 2005) . Therefore, it is unclear the role excitatory synaptic currents play in promoting longer UP states in the Fmr1 KO mouse. It is also possible that there is an alteration in a nonsynaptic current in excitatory neurons that promotes longer UP states Strumbos et al., 2010) . Based on our findings of differential regulation of UP states by mGluR5 (Figs. 6, 7) , any underlying cellular current will be modulated differentially by mGluR5 when comparing WT and KO neurons. Studies examining single-cell persistent firing in cortical neurons have reported that mGluR5 activation promotes persistent firing through a nonsynaptic membrane current (Yoshida et al., 2008; Zhang and Séguéla, 2010) .
Implications of longer UP states in Fmr1 KO mice Because Fmr1 KO slices spend 35% more time in the UP state (Fig. 1 D) , they may be considered to be more active. This implies that the neocortical circuitry may be more excitable in general, thereby affecting neocortical function in many behavioral states. This is consistent with symptoms in fragile X patients such as overt epilepsy, EEG abnormalities suggestive of epilepsy, and hyper-responsiveness to sensory stimuli (Hagerman et al., 1991; Miller et al., 1999; Musumeci et al., 1999; Rojas et al., 2001; BerryKravis, 2002; Incorpora et al., 2002; Castrén et al., 2003; Frankland et al., 2004) . It is also consistent with Fmr1 KO mice having an increased propensity for audiogenic seizures (Chen and Toth, 2001; Nielsen et al., 2002; Spencer et al., 2006) . Therefore, it is possible that the prolonged UP states themselves or the cellular mechanism that causes the longer UP states mediates the hyperexcitability in fragile X syndrome.
Thirty percent of children with FXS are diagnosed with autism and 1-2% of autistic children have FXS, making Fmr1 one of the leading genetic causes of autism (Kaufmann et al., 2004; Hagerman et al., 2005) . Because of this strong link to autism, it is intriguing that our findings are consistent with the hypothesis that hyperexcitability in neocortical circuits underlie autism (Rubenstein and Merzenich, 2003) .
UP states have been demonstrated to underlie the slow oscillation, which is a neocortical rhythm (Ͻ1 Hz) that occurs during the deeper stages of slow-wave sleep and anesthesia (Steriade et al., 1993b; Steriade, 1997; Amzica and Steriade, 1998) . The slow oscillation during slow-wave sleep has been proposed to be involved in long-term memory consolidation in neocortex (Marshall and Born, 2007; Crunelli and Hughes, 2010) . In a previous study, we have also demonstrated that inhibition during UP states is less synchronous (Gibson et al., 2008) . Therefore, it is possible that the prolonged UP states with less synchronous inhibition may modify the slow oscillation in fragile X syndrome which, in turn, could impact memory consolidation. Our study suggests closer scrutiny of the slow oscillation in fragile X patients is warranted, but to date, while circadian rhythm and sleep problems have been reported in both fragile X patients and Fmr1 KO mice (Musumeci et al., 1991; Miano et al., 2008; Zhang et al., 2008; Kronk et al., 2010) , no such data exist.
